Abstract: This study demonstrates the dependence between the forest burning rates and abnormal decrease in Siberian river discharges under the conditions of the permafrost zone. Our study area is in Central Siberia and Eastern Siberia/Yakutia. Four rivers (Podkamennaya Tunguska, Lower Tunguska, Aldan, and Viluy) were selected for the study. We analyzed the long-term and seasonal variation of river discharges (archive of The Global Runoff Data Centre for 1939-2015) together with the forest burning dynamics within the river basins (archive of Sukachev Institute of Forest for 1996Forest for -2015. We compared the discharges per year with the 77-year average value. Abnormally low levels of discharge constituted 58-78% of the averaged annual rate. An analysis of available chronologies of extreme fire events and relative burned areas (RBAs) showed a high correlation with intra-seasonal data on the runoff minima. The most significant response of river discharges to the wildfire effect was shown for the late summer/autumn season after extreme wildfires during the summer period. The deficit of the runoff was not explained by a low precipitation. Late summer and autumn anomalies of discharge were typical (r = −0.57 . . . −0.77, p < 0.05) for rivers of Central Siberia in seasons of extreme forest burning. The correlation was lower for rivers of Eastern Siberia/Yakutia.
Introduction
Along with summer and winter precipitation, the groundwater determines between 10% and 25% of the total supply of Siberian rivers under conditions of permafrost [1] . This portion of supply is determined by the water-physical properties of the soil, and it is also influenced by the type of vegetation and the state of the on-ground cover and tree stands [2, 3] .
In some papers, inter-annual fluctuations and trends in river discharges in Siberia are mainly associated with climatic processes [2, [4] [5] [6] . At the same time, wildfire impact is the main factor, which strongly affected the state of Siberian boreal ecosystems as a whole [7] [8] [9] . The increased water yields or total runoff primarily resulting from the reduced evapotranspiration have been a reported effect on post-wildfire hydrology [10] . Significant and long-term postfire effects are well-documented in the permafrost zone of Siberia [7, 11, 12] . The seasonally thawing soil layer deepens quickly over the first postfire years, and slowly recovers following re-vegetation. Permafrost active layer dynamics as well soil condition changes after wildfires were observed in the region [9, 13, 14] . Long-term temperature anomalies were evaluated postfire using remote sensing data [12] . This affects the soil's moisture content [11, 15] , as well the water supply and the flow regime of small and medium rivers. Such an effect was shown in the Interior Alaska region under similar nature and climate conditions [16] . The study of the postfire effect under the conditions of the permafrost zone is very important because Water 2019, 11, 1146 2 of 11 the impacts of fire on the groundwater discharge as well as on the river flow depend strongly on local site characteristics.
It was evident that hydrologic budgets change on the sub-watershed scale following wildfire. This is caused by an increase of the interflow in the burned area. Due to an absent transpiration without vegetation cover, more water can infiltrate and contribute to the total runoff [17, 18] . Fire can impact the groundwater discharge to surface water features by changing both the supply of water (via an altered recharge) and the transmissivity of the subsurface (via an altered active layer thickness).
A number of models are available for postfire runoff forecasting in different natural conditions [18] [19] [20] . According to Springer et al., 2015 [19] , in the burned region the runoff generation is slightly increased when compared to the unburned area. In some cases, fires led to an approximately 50% reduction in the quantity of water released from the groundwater to the stream, with the mean annual discharge decreasing [21] .
The results of the analysis of the wildfire impact on the Siberian river flows have been discussed in only a few papers [20, 22] . The decreased discharge has been suggested to result from the larger water-holding capacity of the deepening active soil layer, which developed after the fire event and the combustion of the organic layer [22] . Consequently, the substantial uncertainty regarding postfire changes to the water and energy balances under the conditions of the permafrost zone of Siberia need to be further discussed. This issue is one of the main factors of boreal ecosystem stability under current and future climate conditions in terms of wildfire regimes.
In this work, we investigated the degree of dependence between the forest burning rates and the abnormal decrease in the Siberian river discharge under the conditions of the permafrost zone. The following aspects of the issue were considered: (i) long-term river discharge dynamics and anomalies; (ii) the correlation of long-term data on discharge minima and the relative burned area (RBA); and (iii) the intra-seasonal variations of the postfire river discharge.
Materials and Methods
The area of interest is the territory of Siberia within the boundaries of 57-67 N, 85-110 E. The total area is more than 110 million hectares. This territory is mostly covered by forests dominated by larch (Larix sibirica, L. gmelinii); Scots pine (Pinus sylvestris) and dark coniferous stands (Abies sibirica, Picea obovata, Pinus sibirica) are also present [23] .
Four rivers were selected for the study (Figure 1 ): the Lower Tunguska, Podkamennaya Tunguska (Basin District of Yenisey River), and Aldan, Viluy (Basin District of Lena River). Their basins are all forest-dominated and susceptible to fire. But they differ in their groundwater supply character, which is limited by continuous permafrost and soil conditions. The groundwater supply is 10% of the total in the Lower Tunguska river basin and is 10-15% of the total in the Aldan river basins. This supply is influenced by the low water permeable loamy soils and crystalline rocks [24] . The groundwater supply is higher in the Podkamennaya Tunguska basins (25%) and the Viluy river basins (20%) [1] .
According to the long-term series, the annual discharge values varied from 47-50 km 3 for the Podkamennaya Tunguska and Viluy rivers to 108-173 km 3 for the Lower Tunguska and Aldan rivers. The long-term data on the flow rate (m 3 /s) and river discharge (km 3 ) were compiled from the open database R-ArcticNET 4.0 (http://www.R-ArcticNET.sr.unh.edu), the integrated monitoring system Arctic-RIMS (Rapid Integrated Monitoring System; http://rims.unh.edu/index.shtml), The Global Runoff Data Center (http://www.bafg.de), and Composite Runoff Field V 1.0 (http://www.compositerunoff. sr.unh.edu/) [25] [26] [27] . We analyzed the monthly average water runoff for 1936-2015 at the following hydrological posts (Figure 1 ): Bolshoy Porog (basin of Lower Tunguska), Kuzmovka (basin of Podkamennaya Tunguska), Khatyryk-Khomo (basin of Viluy River), and Verkhoyanskiy Perevoz (basin of Aldan River).
correlate with extreme fire events in Central and Eastern Siberia available from the literature dataset [7, 28, 29] . Next, we determined the average annual value of the discharge ( ) for 1996-2015. This is the period of available satellite data on Siberian wildfires attributed with precise coordinates, dates and estimations of burning characteristics [30] . For 1996-2015, we analyzed the intra-seasonal deviations ( ) from the average statistical norm for each month (i) per season:
To understand the influence of wildfire, we need to analyze the intra-seasonal variety of discharge jointly with the area burnt per month/vegetation season. However, the historical data (since 1939) on large fires [7, 28, 29] are not accompanied by information on the fire dates and areas or the RBA, since they are obtained on the basis of dendrochronological studies. We used satellite-obtained data on fires only available for the last 20 years (1996-2015) [30, 31] .
The wildfire database for 1996-2015 was collected using a satellite fire monitoring technique in collaboration with the Federal Research Center (Krasnoyarsk, Russia) and Krasnoyarsk department of Russian Emergency Committee. The data on wildfires were pre-processed into the format of a polygon layer for the Geographic Information System (GIS). For each year, we aggregated the area burnt per month within the river basins. The relative burned area (RBA) indexes were calculated for each river basin per season, as well as per month of the season. The RBA (γ) was defined as the ratio of the total area of fires (Sburned) to the total forested area within the river basin (S):
Geo-referenced hydrological maps based on SHuttle Elevation Derivatives at multiple scales (HydroSHEDS, http://www.hydrosheds.org) were used to represent the river basins in GIS [27] . We We analyzed the river discharge per year, comparing it with the 77-year average value, to find out extreme minima. First, we tested the hypothesis that the extreme discharge anomalies would correlate with extreme fire events in Central and Eastern Siberia available from the literature dataset [7, 28, 29] .
Next, we determined the average annual value of the discharge (RD i ) for 1996-2015. This is the period of available satellite data on Siberian wildfires attributed with precise coordinates, dates and estimations of burning characteristics [30] . For 1996-2015, we analyzed the intra-seasonal deviations (RD i * ) from the average statistical norm for each month (i) per season:
Geo-referenced hydrological maps based on SHuttle Elevation Derivatives at multiple scales (HydroSHEDS, http://www.hydrosheds.org) were used to represent the river basins in GIS [27] . We used 4 polygons (level-04 in the classification of HydroSHEDS) for the selected river basins and 204 polygons of the sub-basins (level-06) of the smaller rivers within the basins of Lower Tunguska, Podkamennaya Tunguska, Aldan and Viluy. The areas for each basin were calculated using a geometry calculation procedure by ESRI ArcGIS 10.4.1 software. Furthermore, using GIS, we selected and analyzed only wildfires within the boundary of the vector layer of the river basins.
The data on precipitation was obtained from the catalog of the Global Precipitation Climatology Center (GPCC) [32] . The product contains the monthly total precipitation on a regular grid with a spatial resolution of 1.0 × 1.0 latitude by longitude. It was used to evaluate the intra-seasonal precipitation within the river basins. The precipitation product was too coarse to represent the spatial heterogeneity of the precipitation at the level-06 river basin scale. However, it was quite appreciated for estimating the monthly-averaged data on the precipitation to characterize the territories of the large river basins (level-04). For some years, the data on the runoff (less than 1%) were missing in the source database (see some gaps in Figure 2 ).
Water 2019, 11, x FOR PEER REVIEW 4 of 11 geometry calculation procedure by ESRI ArcGIS 10.4.1 software. Furthermore, using GIS, we selected and analyzed only wildfires within the boundary of the vector layer of the river basins. The data on precipitation was obtained from the catalog of the Global Precipitation Climatology Center (GPCC) [32] . The product contains the monthly total precipitation on a regular grid with a spatial resolution of 1.0 × 1.0 latitude by longitude. It was used to evaluate the intra-seasonal precipitation within the river basins. The precipitation product was too coarse to represent the spatial heterogeneity of the precipitation at the level-06 river basin scale. However, it was quite appreciated for estimating the monthly-averaged data on the precipitation to characterize the territories of the large river basins (level-04). For some years, the data on the runoff (less than 1%) were missing in the source database (see some gaps in Figure 2 ). The data processing was performed in GIS using geospatial tools for the vector data layers; a correlation and statistical analyses were also used [33] .
Results
The period of recurrence of the extremely low runoff ranged from 18 to 25 years over the past 77 years. The available chronologies of extreme fire events [7, 28, 29] coincided with the discharge minima in each river basin of the region (Figure 2) , as expected. The data processing was performed in GIS using geospatial tools for the vector data layers; a correlation and statistical analyses were also used [33] .
The period of recurrence of the extremely low runoff ranged from 18 to 25 years over the past 77 years. The available chronologies of extreme fire events [7, 28, 29] coincided with the discharge minima in each river basin of the region (Figure 2) , as expected. The data on the burnt area for 1996-2015 is summarized in Table 1 . The mean RBA (γ) were~0.50 ± 0.01% for the forests of the Lower Tunguska and Podkamennaya Tunguska basins. For Eastern Siberia, the level of RBA was higher (~0.72 ± 0.04%). A high level of dispersion (standard deviation) from 0.60 to 1.15 was typical for RBA, strongly influenced by the variety of weather conditions on the sub-regional scale [5] . While these RBA values were very close to the average for Siberia [23] and were comparable to that for Canada [34] , we selected ones related to cases from the extreme fire season only. The maxima RBA were higher by order for all of the river basins. About 3-6% of the total forested area per year was damaged by fires during some extreme fire seasons. The recorded range of discharge anomalies also had significant limits. The minima were lower by 27 ± 5% of the annual mean value, while the maxima were higher by 30 ± 5% (Table 1) . Thus, during some seasons extremely low runoff values were only 58-78% of the average annual rate.
The seasonal correlation of the river discharge anomalies and the burnt area was illustrated ( Figure 3 ). Generally, a low runoff corresponds to an area burnt per season. However, the level of correlation was not high (r = -0.38 . . . -0.53, p < 0.05). The most significant correlation was for the Podkamennaya Tunguska basin (r = -0.66). The data on the burnt area for 1996-2015 is summarized in Table 1 . The mean RBA (γ) were ~0.50 ± 0.01% for the forests of the Lower Tunguska and Podkamennaya Tunguska basins. For Eastern Siberia, the level of RBA was higher (~0.72 ± 0.04%). A high level of dispersion (standard deviation) from 0.60 to 1.15 was typical for RBA, strongly influenced by the variety of weather conditions on the sub-regional scale [5] . While these RBA values were very close to the average for Siberia [23] and were comparable to that for Canada [34] , we selected ones related to cases from the extreme fire season only. The maxima RBA were higher by order for all of the river basins. About 3-6% of the total forested area per year was damaged by fires during some extreme fire seasons. The recorded range of discharge anomalies also had significant limits. The minima were lower by 27 ± 5% of the annual mean value, while the maxima were higher by 30 ± 5% (Table 1) . Thus, during some seasons extremely low runoff values were only 58-78% of the average annual rate.
The seasonal correlation of the river discharge anomalies and the burnt area was illustrated ( Figure 3 ). Generally, a low runoff corresponds to an area burnt per season. However, the level of correlation was not high (r = -0.38…-0.53, p < 0.05). The most significant correlation was for the Podkamennaya Tunguska basin (r = -0.66). The next stage was to investigate the level of intra-seasonal correlation. It can be assumed: (1) that the runoff minima of the first half of the vegetation season may be precursors of high forest burning; and (2) that the consequences in terms of the postfire runoff would be observed in late summer or in early autumn.
To describe the dependence quantitatively, we analyzed the data on the burned areas and runoff anomalies jointly per month/season of the year (Tables 2 and 3 
Discussion
The groundwater supply is influenced by permafrost active layer dynamics, the vegetation cover state as well as soil conditions. Wildfire impacts could be significant in some seasons of extreme forest burning. Fires impact the groundwater discharge by changing both the supply of water and the transmissivity of the subsurface [17, 18] . However, interpretations of this impact are not fully understood [3, 9, 35] and estimations of the postfire runoff are not similar for different regions and different conditions [19, 21, 22] .
Our results were obtained for the conditions of the permafrost. The correlation between the midsummer burning (July) and the runoff anomalies in August-September was evaluated. The postfire effect on the river discharge was recorded for all of the selected rivers. Late summer and autumn postfire runoff anomalies were typical for the rivers of Central Siberia (Podkamennaya Tunguska and Lower Tunguska). A relatively high correlation level (r = −0.57…−0.77, p < 0.05) was observed there. However, the dependence was not significant (r < -0.42) for Eastern Siberia/Yakutia (the Aldan and Viluy rivers).
The only exception was in the case of the Aldan river basin, which was characterized as having an insignificant dependence of autumn runoff to the burnt area. The territory of this basin differs in soil characteristics, which are dominated by water permeable loamy soils and crystalline rocks [1, 24] . This is probably the reason why the runoff regime was preserved after fires there. Wildfires cause several geo-morphically important changes in soil properties, including the modification of the prefire soil profile and the development of a spatial variation of the soil properties. Combustion removes some or all of the litter, and may induce or enhance a water-repellent layer [36] . Erosion after wildfires are often attributed to the development of hydrophobic soils [35] . For a comparison, the soils of the Viluy River lowland are dominated by loess-like sediments [24] with a higher water permeability, 
Our results were obtained for the conditions of the permafrost. The correlation between the mid-summer burning (July) and the runoff anomalies in August-September was evaluated. The postfire effect on the river discharge was recorded for all of the selected rivers. Late summer and autumn postfire runoff anomalies were typical for the rivers of Central Siberia (Podkamennaya Tunguska and Lower Tunguska). A relatively high correlation level (r = −0.57 . . . −0.77, p < 0.05) was observed there. However, the dependence was not significant (r < -0.42) for Eastern Siberia/Yakutia (the Aldan and Viluy rivers).
The only exception was in the case of the Aldan river basin, which was characterized as having an insignificant dependence of autumn runoff to the burnt area. The territory of this basin differs in soil characteristics, which are dominated by water permeable loamy soils and crystalline rocks [1, 24] . This is probably the reason why the runoff regime was preserved after fires there. Wildfires cause several geo-morphically important changes in soil properties, including the modification of the pre-fire soil profile and the development of a spatial variation of the soil properties. Combustion removes some or all of the litter, and may induce or enhance a water-repellent layer [36] . Erosion after wildfires are often attributed to the development of hydrophobic soils [35] . For a comparison, the soils of the Viluy River lowland are dominated by loess-like sediments [24] with a higher water permeability, especially in conditions of postfire thermal imbalance. Cryozems and podburs predominate in the basins of the Lower Tunguska and Podkamennaya Tunguska [14] . The soil moisture content, as well as the water permeability, are influenced significantly by the state and degree of the vegetation and ground cover disturbance. Consequently, the correlation between runoff anomalies and forest burning is much more significant here. In fact, late summer and autumn discharge anomalies were more typical for the rivers of Central Siberia (Podkamennaya Tunguska and Lower Tunguska) under postfire conditions in comparison with the rivers of Eastern Siberia/Yakutia.
Additionally, the data on precipitation was analyzed from the catalog of the Global Precipitation Climatology Center (GPCC) [32] . We compared the precipitation distribution map of the long-term mean for September with the distributions for the strongest fire seasons of 2012 and 2013, which were characterized by high anomalies in discharge. Qualitatively, the map of the precipitations remained unchanged ( Figure 5 ). The deficit of runoff that was recorded in September for Podkamennaya Tunguska and Lower Tunguska was not explained by low precipitations. The postfire transformation of the vegetation cover can be the cause of heat and water balance anomalies [12] , changes in the depth of the seasonally thawed layers of the soils, or changes in the water permeability within different soil horizons [15] . Consequently, the postfire response of permafrost soil conditions can explain the revealed differences of the runoff, which determines the share of groundwater in the formation of the total river flow. The features of the postfire discharge anomalies are determined by the interdependency of the "fire effect", "ground cover and vegetation", and "soil". The influence of wildfires is only significant for the seasonally thawed layer that is active during the summer-autumn period.
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Wildfire impacts in the Siberian permafrost zone currently tend to increase [11, 23, 38] . Thus, river discharge anomalies could be one of the markers for evaluating the response of boreal ecosystems to fires effects.
Conclusions
The response of boreal ecosystems to fire impacts is expressed in the anomaly low river runoff during the late summer/autumn period. Late summer and autumn anomalies of discharge were typical for the rivers of Central Siberia during seasons of extreme forest burning. However, the correlation was lower for the rivers of Eastern Siberia/Yakutia. Along with the vegetation, the soil characteristics determine the share of groundwater in the formation of the total river flow under permafrost. It can be assumed that the local postfire permafrost soil conditions can explain the revealed differences of the runoff in Siberia.
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